Copper oxynitride thin films with a minor oxygen content were prepared on silicon wafers at 100°C by reactive magnetron sputtering using a gas mixture of nitrogen and oxygen. Addition of oxygen immediately improves the compactness of the deposits, which otherwise comprise ragged Cu 3 N nanocrystallites. With an oxygen content <10.0 at.%, the deposits reveal some sporadic Cu 2 O nanocrystals under transmission electron microscopy, but their x-ray diffraction (XRD) patterns exhibit reflections only from the Cu 3 N phase. The decomposition temperature, at which the sample after prolonged annealing shows Cu reflections on its XRD pattern, can be raised from 300°C for stoichiometric Cu 3 N to 360°C. The decomposition product after annealing at 450°C is pure copper having an electrical resistivity of 8.94 × 10 −8 ⍀·m at room temperature, which can be taken as a good conductor and stands in strong contrast with the oxynitride matrix with an electrical resistivity of 6.87 × 10 −2 ⍀·m. These results constitute progress in the search of directly writable copper nitride-based materials.
I. INTRODUCTION
The metastable copper nitride Cu 3 N in the cubic antiReO 3 structure is an indirect band-gap semiconductor that has attracted considerable attention in recent years because of its promising applications in optical devices and high-speed integrated circuits. [1] [2] [3] [4] [5] [6] Due to its poor thermal stability, Cu 3 N starts to decompose at quite a low temperature, leaving behind a deposit of pure Cu, which may be intentionally made into patterned structures 1, [6] [7] [8] [9] with good electrical conductivity surrounded by semiconducting matrix. An immediately conceivable application of this feature for copper nitride is the fabrication of microscopic Cu wires by direct optical or electron-beam writing. 7, 8 Moreover, the compound copper nitride and its decomposition product can be easily discriminated by their optical reflectivity in the visible and infrared range. 2, 5, 6, 9, 10 By virtue of the aforementioned properties, Asano and co-workers 1 in 1990 carried out the preliminary experiment of write-once optical recording of copper nitride films using a diode laser (780 nm, 7 mW), achieving a 7 m × 12 m array of conductive Cu dots which corresponds to a recording density over Mb/cm 2 . Maya 3 and Lesch et al. 8 used the copper nitride coatings on Si wafer to generate microscopic metal lines by maskless laser writing and high-energy electron irradiation, respectively. It was reported that the Cu wires so made have a higher signal speed than the existing Al lines in the present-day integrated circuits. 4 In addition, in contrast to the tellurium-based materials, copper nitride as a light-recording media is also favorable in future practical usage because of its nontoxicity and low price of raw materials. 1 However, the poor thermal stability of copper nitride is detrimental to both its preparation and its implementation in applications. In fact, the large discrepancy in its basic physical properties, such as band gap, [11] [12] [13] [14] electrical resistivity, 3, 11, 12, 14, 15 and decomposition temperature, [1] [2] [3] 9, 14, 16 also has its roots in this factor. We noticed that nitrogen re-emission during the growth process even gave rise to a fivefold symmetrical relief morphology via an "orogenic movement" mechanism in the copper nitride films. 17 It is imaginable that, if by alloying with another element so that the resulting copper nitride-based material remains a semiconductor but has a reasonably higher decomposition temperature, say 450°C, it can then withstand the environmental temperatures in most operating electronic devices while allowing the fabrication of metallic structures from it by direct writing at a temperature tolerable to the existing device units. In this paper, we report on the magnetron sputtering deposition of copper oxynitride films. Inclusion of oxygen at <10.0 at.% will not spoil the cubic Cu 3 N structure. It can significantly improve the compactness of the deposits and raise the decomposition temperature for 60°C. The decomposition product from such copper oxynitride films remains an excellent electrical conductor.
II. EXPERIMENTAL PROCEDURES
Nanocrystalline pure copper nitride and copper oxynitride thin films were grown by a custom-designed radio frequency magnetron sputtering system on silicon wafers using a Cu target (4 N purity, л 60 mm × 5 mm). The distance between the substrate and the target was fixed at 55 mm. Prior to deposition of all samples, the substrates were consecutively ultrasonicated in methanol and acetone each for 15 min to remove possible contaminants, immersed in a 1.0% HF solution for 3 min to remove the native oxide layer on the surface, and then finally rinsed with deionized water. The base pressure in the chamber was less than 6.0 × 10 −4 Pa, and the substrate temperature was maintained at 100°C. Presputtering generally went on for half an hour to remove the contaminants on the target surface and to establish a stable material flow from the target. Because the oxygen ions are much more likely than the nitrogen ions to bond with copper, only a tiny amount of oxygen should be mixed into the precursor so as to obtain a film of copper oxynitride instead of copper oxides. The total flow rate for the pure nitrogen (5 N) and a nitrogen/oxygen mixture (19:1 in volume) was set at 7.0 sccm, while the oxygen proportion in the precursor was tuned by adjusting the flow rates for both the pure nitrogen and the nitrogen/oxygen mixture. The working pressure in the growth chamber was maintained at ∼2.2 × 10 −2 mbar, and the films were grown with a radiofrequency power supply of 100 W and generally for >30 min to obtain a film as thick as possible but without blistering. A scanning electron microscope (SEM, Eindhoven, The Netherlands XL30 S-FEG Philips) equipped with an energy-dispersive x-ray (EDX) spectrometer was used to evaluate the chemical composition and the surface morphology of the deposits. The crystallinity of the samples, whether as-deposited or annealed in the same vacuum chamber, was characterized by x-ray diffraction (XRD, M18AHF; MAC Science, Co., Ltd., Kanagawa, Japan) using Cu K ␣ irradiation, and the fine microstructure of the deposits was resolved by using a highresolution transmission electron microscope (CM200, FEI GmbH, Feldkirchen, Germany). Thermal stability of the deposits was evaluated with regard to the annealing temperature (under protection in the nitrogen ambient, for 20 min) at which Cu reflections appear on the XRD pattern. The electrical resistivity of the films was measured by using the conventional four-point probe method.
III. RESULTS AND DISCUSSION
Under the given processing conditions, a considerable amount of oxygen could be easily incorporated into the deposits. Figure 1 displays the EDX spectra for three deposits. We see that with pure nitrogen as precursor, an oxygen-free copper nitride compound can be obtained [curve (a)], but even 2.5% (in flow rate) oxygen in the precursor results in an overwhelming O content in the deposit, as shown in curve c. From the XRD patterns for the deposits prepared with varying oxygen proportions in the precursor (Fig. 2) , it is found that for the oxygen proportion in precursor from 2.0% on, there appear some peaks which can be attributed to copper oxides [see curves (e) and (f)]. The two additional humps on curve e can be assigned to the cuprite Cu 2 O.With increasing content of oxygen incorporated into the deposit, larger particles of Cu 2 O are formed, and their reflections on the XRD pattern turn into distinct sharp peaks; at the same time, a more oxidized phase, the paramelaconite Cu 4 O 3 , is now discernible. For these samples, they can hardly be taken as copper oxynitride. In the following, we focus our interest on the samples that clearly exhibit O peaks on the EDX and x-ray photoelectron spectra (not shown) but leave no trace of copper oxides on the XRD pattern, i.e., Fig. 2 . Noticeably, incorporation of more oxygen diminishes the peak intensity of the Cu 3 N reflections. It also alters the orientation of the crystallites in the deposits such that the originally absent Cu 3 N-(111) reflection first appears on curve d while the Cu 3 N-(100) and Cu 3 N-(200) reflections fade significantly in intensity. The compositions of these deposits are difficult to determine precisely by either the EDX or the x-ray photoelectron spectrometric data due to the difficulties arising in the analysis process. The oxygen content in the sample prepared with 1.5% oxygen in precursor, referred to in curve d in Fig. 2 , was estimated to be ∼10.0 at.% based on the EDX data, and this sample was specified as Cu 71 N 19 O 10 . As to how the oxygen was incorporated into the deposits, some information can be obtained by transmission electron microscopy (TEM) analysis. For the sample referred to in Fig. 2(d) , for which the reflections from the copper oxide phases are not yet identifiable on the XRD pattern, sporadic cuprite crystallites in a typical dimension of 10 nm could be found under TEM [ Fig. 3(a) ]; at the same time, the lattice that is attributable to the Cu 3 N phase shrinks; the lattice constant now measures 0.378 nm [ Fig. 3(b) ] in contrast to ∼0.3815 nm for the stoichiometric Cu 3 N sample. 18 Moreover, roughly speaking, the micrographs attained a somewhat opaque appearance. It is conceived that the oxygen ions have been both incorporated into the Cu 3 N lattice and captured, in a smaller amount, in isolate copper oxide nanocrystals. The poor quality of crystallization for the film as a whole, as indicated by the transmission electron micrographs, is a consequence of the low substrate temperature.
As also confirmed in our previous studies, 18 a nearly stoichiometric Cu 3 N is a typical semiconductor, and the deposits typically comprise weakly connected Cu 3 N particles of 40-100 nm in dimension, depending on growth conditions. Therefore, the pure, nearly stoichiometric Cu 3 N deposits generally exhibit a very large electrical resistivity; at room temperature it measures 2 × 10 −2 ⍀·m, which might cause the disadvantageous charging effect when imaged by SEM employing secondary electrons. Together with the ragged surface morphology, this explains the awful quality of the SEM micrograph for Cu 3 N [ Fig. 4(a) ]. The incorporation of oxygen can improve the compactness of the film owing to the stronger Cu-O bond. The improved surface morphology helped greatly in reducing the shadowing effect to the emission of secondary electrons; thus we obtained clear SEM micrographs for the copper oxynitride films [Figs. 
4(c)-4(d)].
The pure copper nitride is a thermal metastable material, 16 and the decomposition temperature reported by different researchers varies within 100-470°C. [1] [2] [3] 9, 14, 16 This horrible discrepancy lies largely in the differing qualities of copper nitride deposits. With the nearly stoichiometric Cu 3 N samples following the preparation procedure used in our previous work, 19 this decomposition temperature, taken as the value at which Cu reflections appear on the XRD pattern for the sample after prolonged annealing, should definitely be above 300°C, as is also demonstrated in Fig. 5 . With the incorporation of some oxygen in the deposits, the decomposition can be shifted to higher temperatures. In Fig. 6 are plotted the XRD patterns for the as-deposited copper oxynitride grown with 1.0% oxygen in the precursor, referred to as curve c in Fig. 2 , and for identical samples annealed at various temperatures. Now the temperature at which the Cu peak appears was shifted to 330°C. For the samples grown with 1.5% oxygen in the precursor, referred to as curve d in Fig. 2 , decomposition commences at 360°C (see Fig.  7 ). Thus, the decomposition temperature can be raised for 60°C or so by incorporating ∼10.0% of oxygen into the copper nitride deposits.
As copper nitride has attracted the interest of researchers because it allows fabrication of metal dots or line arrays by direct writing with laser or electron beams, and the metal parts as the product of decomposition should constitute an evident contrast to the semiconducting matrix, we certainly expect the copper oxynitride should leave behind equally good metallic remains at the raised decomposition temperature. Figure 8 presents the temperature dependence of the electrical resistivity for the decomposition product of the sample referred to in Fig.  7 , which was annealed for a prolonged time at 450°C. The surface was gold-colored, and the x-ray photoelectron spectrum, in the absence of the N 1s line, shows the Cu 2p line and the O 1s (the latter could be due to absorbed oxygen, as is often the case in this analysis technique). Figure 8 reveals an obviously metallic behavior, and the electrical resistivity at room temperature is only 8.94 × 10 −8 ⍀·m while the temperature coefficient of resistivity is ∼0.47% (almost equal to the value of 1/232 for pure Cu). The value of electrical resistivity at because of a worse crystallinity of the decomposition product, as also evidenced by the very large residual electrical resistance. Still, we can say with confidence that the decomposition product from the copper oxynitride described herein makes possible the fabrication of conducting wires or metallic structures for other possible applications.
By addition of oxygen to the copper nitride deposits, yet without introducing any distinct oxide phases, the decomposition temperature has been raised to 360°C from the 300°C for the nearly stoichiometric Cu 3 N. (We emphasize once again that the decomposition temperature here is defined with regard to the annealing process in this work.) This is a step forward, but not a big step, because 360°C is still not a sufficiently high temperature with respect to the environmental temperatures for conventional electronic devices in use. To further raise the decomposition temperature by addition of more oxygen runs the risk of dealing with a composite deposit containing separated copper nitride and oxide phases. Whether such a composite structure can fulfill the expectations upon the copper nitride, e.g., as an optically writable medium for the fabrication of metallic dots and wires embedded in a semiconducting matrix, remains an open question. Some other possibilities to raise the decomposition temperature by the cosputtering of copper with other metals showing an enhanced affinity to nitrogen have to be explored in future. We believe that a decomposition temperature at ∼450°C or a little higher may be satisfactory because such a material could then withstand the environmental temperature in conventional electronics, while the working temperature for rapid decomposition of this material during processing is tolerable in semiconductor technology.
IV. CONCLUSION
In summary, copper oxynitride thin films have been grown with reactive magnetron sputtering by controlled addition of oxygen to the gas precursor. The presence of the strong Cu-O bonding improves the compactness of the deposits which otherwise comprise only weakly connected Cu 3 N nanocrystallites. In the deposits concerned here with <10.0 at.% oxygen, sporadic cuprite crystallites ∼10 nm large can be confirmed by transmission electron microscopy, but the oxide phase is absent from the XRD patterns. Incorporation of oxygen causes shrinkage of the parent Cu 3 N lattice. With the decomposition product remaining a good electrical conductor of copper, the decomposition temperature of the copper oxynitride has been increased to >360°C. Other possibilities to further raise the decomposition temperature for the copper nitride-based materials are under investigation. 
